1. Introduction {#sec1}
===============

Biobased products made from proteins and α-amino acids (e.g., bioplastics, pharmaceuticals, fine chemicals) could become increasingly important.^[@ref1]−[@ref4]^ One of the challenges is to find a way to separate α-amino acids from industrial residues. The literature data on the use of antisolvents, such as ethanol, to lower the solubility of the α-amino acids to promote crystallization is incomplete. An understanding on the impact of antisolvents on α-amino acids in solution is integral in designing technologies for separating α-amino acids from solution.

Many articles report the solubility measurements of α-amino acids in water^[@ref5]−[@ref31]^ and in mixtures of alcohol and water.^[@ref32]−[@ref40]^ Subsequent research focused on calculating the activity coefficients of these α-amino acids in water, water--ethanol, and ethanol.^[@ref41]−[@ref43]^ Recently, the effect of the addition of ethanol on the solubility of amino acids has also been applied to the crystallization of amino acids after protein hydrolysis.^[@ref44]^ However, the solubility of α-amino acids in a two-solvent system cannot be described by a first-degree exponential function with a discrete partition coefficient as espoused in the earliest solubility studies. This is due to the ternary interactions of the solvents to each other and with the solute.

In response to this, models have been developed to explain the solubility of a few α-amino acids in water, water--ethanol, ethanol, and other two solvent systems.^[@ref7],[@ref45]−[@ref52]^ However, for several α-amino acids, no data have been published on their solubility in water--ethanol or ethanol systems. For many other α-amino acids, the data are incomplete or unreliable. For this reason, applying the models to all α-amino acids is not possible.

The goal of this article is to understand the solubility of the 20 proteinogenic α-amino acids in water, water--ethanol mixtures, and ethanol. To achieve this goal, three research objectives are pursued. First, the methodologies of bringing the α-amino acids to maximum solubility and the analytical technique of measuring these concentrations in solutions of water, water--ethanol mixtures, and ethanol are evaluated. Second, since recent evidence shows that some α-amino acids can convert to other α-amino acids, the solubility data in solutions of water, water--ethanol mixtures, and ethanol of these α-amino acids at 298.15 K and 0.1 MPa are re-evaluated. Third, the solubility of the α-amino acids [l]{.smallcaps}-alanine, [l]{.smallcaps}-arginine, [l]{.smallcaps}-lysine, [l]{.smallcaps}-proline, and [l]{.smallcaps}-cysteine in solutions of water, water--ethanol mixtures at 298.15 K and 0.1 MPa is measured. Furthermore, the solubility of [l]{.smallcaps}-alanine, [l]{.smallcaps}-arginine, [l]{.smallcaps}-lysine, [l]{.smallcaps}-proline, [l]{.smallcaps}-cysteine, [l]{.smallcaps}-asparagine, [l]{.smallcaps}-aspartic acid, [l]{.smallcaps}-glutamine, [l]{.smallcaps}-histidine and [l]{.smallcaps}-leucine at 298.15 K and 0.1 MPa are measured in ethanol.

1.1. Review of Amino Acid Solubility Data and Methodologies {#sec1.1}
-----------------------------------------------------------

Data on the solubility of glycine, [l]{.smallcaps}-valine, [l]{.smallcaps}-serine, [l]{.smallcaps}-isoleucine, [l]{.smallcaps}-tryptophan, [l]{.smallcaps}-tyrosine, [l]{.smallcaps}-phenylalanine, and [l]{.smallcaps}-threonine in water, water--ethanol mixtures, and ethanol were found in peer reviewed journals. These data were obtained using disparate methodologies in both the dissolution of the α-amino acids as well as in their measurement.

Gravimetric measurement of the dry weight of a solute is a technique that is often used in measuring solubility.^[@ref7]^ However, the solubility of some α-amino acids (e.g., [l]{.smallcaps}-tyrosine) are extremely low. Furthermore, the solubility of all α-amino acids in ethanol are low. Measuring amino acids with low solubility gravimetrically would consume excessive amounts of ethanol to produce a few milligrams of the solute. Therefore, a spectrophotometric analytical technique using ninhydrin was developed to measure the concentrations of α-amino acids.^[@ref45]^ This article will evaluate these two measurement techniques and use a third technique, the ultraperfomance liquid chromatography (UPLC) method.^[@ref53]^ The UPLC method is able to detect concentrations of 2.3 μM.

1.2. Impact of Amino Acid Conversions on Their Solubilities {#sec1.2}
-----------------------------------------------------------

[l]{.smallcaps}-Cysteine can form a sulfur bond with itself upon oxidation to form the dimer cystine.^[@ref54]^ There is only one piece of solubility data in the literature for the monomer [l]{.smallcaps}-cysteine.^[@ref8]^ However, the authors do not mention in their work that they took the oxidation reaction with [l]{.smallcaps}-cysteine into account when measuring the solubility. This article reports data measured on the solubility of [l]{.smallcaps}-cysteine in water, water--ethanol mixtures, and ethanol under sealed oxygen-poor conditions. Furthermore, after measuring the solubility, the samples of [l]{.smallcaps}-cysteine in this work were analyzed through mass-spectrometry to show that the formation of the dimer cystine was negligible.

Data on the solubility of [l]{.smallcaps}-glutamic acid in an ethanol--water system were found by McMeekin et al. and expanded by other authors.^[@ref12],[@ref23]^ However, [l]{.smallcaps}-glutamic acid has been shown to convert to [l]{.smallcaps}-pyroglutamic acid. The conversion to [l]{.smallcaps}-pyroglutamic acid increases as the temperature of the solution increases.^[@ref55],[@ref56]^ This was not considered in the initial solubility data. To account for this possibility, in this study, the solubility of [l]{.smallcaps}-glutamic acid was determined by measuring the concentration of both [l]{.smallcaps}-glutamic acid and [l]{.smallcaps}-pyroglutamic acid in the same sample by using the UPLC method.^[@ref53]^

1.3. Incomplete Solubility Data of Amino Acids {#sec1.3}
----------------------------------------------

Data on the solubility of [l]{.smallcaps}-asparagine, [l]{.smallcaps}-aspartic acid, [l]{.smallcaps}-glutamine, [l]{.smallcaps}-histidine, and [l]{.smallcaps}-leucine in water and water and ethanol mixtures were published in peer reviewed journals, but did not include data in ethanol solutions.^[@ref32],[@ref35]^ The solubilities of these α-amino acids were measured for this work ethanol using the UPLC method.

Data on the solubility of glycine in water, water--ethanol mixtures, and ethanol are conflicting. Reports show the solubility of glycine in water to be 4.25 and 2.733 g/100 mL. For this reason, the solubility of glycine in water, water--ethanol mixtures, and ethanol was remeasured.

No published data could be found on the solubility of [l]{.smallcaps}-alanine, [l]{.smallcaps}-arginine, [l]{.smallcaps}-lysine, [l]{.smallcaps}-proline, and [l]{.smallcaps}-cysteine in water--ethanol mixtures and ethanol. Their solubility in these systems was measured and reported here.

2. Experimental Section {#sec2}
=======================

The α-amino acids that were used in this article were purchased from Sigma-Aldrich. These α-amino acids were at least 99% pure. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} lists the supplier and purity of the chemicals used in this work.

###### Description of Chemicals and Solvents Used

  chemical name                   source          mole fraction purity   purification method
  ------------------------------- --------------- ---------------------- ---------------------
  glycine                         Sigma-Aldrich   1.00                   none
  [l]{.smallcaps}-alanine         Sigma-Aldrich   0.98                   none
  [l]{.smallcaps}-arginine        Sigma-Aldrich   0.98                   none
  [l]{.smallcaps}-asparagine      Sigma-Aldrich   1.00                   none
  [l]{.smallcaps}-aspartic acid   Sigma-Aldrich   0.99                   none
  [l]{.smallcaps}-cysteine        Sigma-Aldrich   0.97                   none
  [l]{.smallcaps}-glutamic acid   Sigma-Aldrich   0.99                   none
  [l]{.smallcaps}-glutamine       Sigma-Aldrich   0.99                   none
  [l]{.smallcaps}-histidine       Sigma-Aldrich   0.99                   none
  [l]{.smallcaps}-leucine         Sigma-Aldrich   1.00                   none
  [l]{.smallcaps}-lysine          Sigma-Aldrich   0.97                   none
  [l]{.smallcaps}-methionine      Sigma-Aldrich   0.98                   none
  [l]{.smallcaps}-phenylalanine   Sigma-Aldrich   0.98                   none
  [l]{.smallcaps}-proline         Sigma-Aldrich   0.99                   none
  [l]{.smallcaps}-tryptophan      Sigma-Aldrich   0.98                   none
  [l]{.smallcaps}-tyrosine        Sigma-Aldrich   0.98                   none
  ethanol                         Sigma-Aldrich   \>0.99                 none

For [l]{.smallcaps}-arginine, [l]{.smallcaps}-lysine, [l]{.smallcaps}-proline, [l]{.smallcaps}-methionine, [l]{.smallcaps}-cysteine, [l]{.smallcaps}-glutamic acid, and [l]{.smallcaps}-phenylalanine in water--ethanol mixtures, excess amounts of these α-amino acids were added to 15.0 mL Greiner tubes in duplicate. Then 0.0%, 25.0%, 50.0%, 75.0%, and 100.0% ethanol (g/g) solutions in water were added to the Greiner tubes and sealed. The tubes were mixed and added to a jacketed shaking water bath set to 298.15 K and 0.1 MPa and left to mix at 80 rpm until they had reached equilibrium. Both the samples and the water in the water bath were continuously monitored. The amino acids were said to have reached equilibrium when successive measurements, 24 h apart, yielded a concentration within the variation of the balance. All measurements were performed in duplicate. The solubility of glycine, [l]{.smallcaps}-asparagine, [l]{.smallcaps}-aspartic acid, [l]{.smallcaps}-glutamine, [l]{.smallcaps}-histidine and [l]{.smallcaps}-leucine was measured in ethanol using the same procedure.

The amino acids with low solubilities produced results below the detection limits of the balance. For this reason, these samples were analyzed by UPLC. For [l]{.smallcaps}-glutamic acid, all systems were measured with the UPLC as it enabled simultaneous measurement of [l]{.smallcaps}-pyroglutamic acid.

The UPLC method is based on automated precolumn derivatization in the injection needle of the amino acid in an autosampler using *o*-phthalaldehyde (OPA) reagent in combination with 9-fluorenylmethyl chloroformate (FMOC) that enables the amino acids to fluoresce. Separation was achieved with a Dionex RSLC system using an Acquity UPLC BEH C18 reversed-phase column. Sample analysis was performed with an UltiMate 3000 Rapid Separation pump and autosampler. Derivatized amino acids were detected at 263 nm (FMOC derivative of [l]{.smallcaps}-proline) and 338 nm (OPA derivatives of the other amino acids).

For the samples that were measured using the gravimetric analytical technique, approximately 3 g of each solution was filtered through a sterile 0.45 μm Minisart filter. Then, the filtered sample was added to a predried and preweighed drying tin and weighed again to ±0.0001 g using a AB204 analytical balance from Mettler Toledo. All samples were filtered and weighed in duplicate. The samples were put in a drying oven set at 315.15 K and 0.1 MPa for 5 days and weighed again; 24 h later, the dry samples were weighed once more. This procedure was repeated until the weights were within the error range of the analytical balance, and the sample was assumed to be at equilibrium.

Additionally, samples of [l]{.smallcaps}-cysteine were measured on a LCQ Fleet Ion Trap mass spectrometer from Thermo Scientific. This was done to ensure there was undetectable [l]{.smallcaps}-cystine formation.

The saturated mole fraction solubility of all amino acids was calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, while the mole fraction composition of the solvent mixture was calculated by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}:where *m*~1~, *m*~2~, and *m*~3~ are the mass of the amino acid, ethanol, and water and *M*~1~, *M*~2~, and *M*~3~ are the molecular mass of the amino acid, ethanol, and water.

3. Results {#sec3}
==========

3.1. Review of Amino Acid Solubility Data and Methodologies {#sec3.1}
-----------------------------------------------------------

All results from the analyses in this work are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The method by which the samples were measure is also shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Experimental Mole Fraction Solubilities, *x*~1~, of Amino Acids, the Ethanol Solvent Mole Fraction, *x*~2~, the Method of Detection, and the Relative Uncertainty at 298.15 K and *p* = 0.1 MPa[a](#t2fn1){ref-type="table-fn"}

  amino acid                      method        10^2^·*x*~1~   *x*~2~   10^4^·*u*~r~   amino acid                      method        10^2^·*x*~1~   *x*~2~   10^4^·*u*~r~
  ------------------------------- ------------- -------------- -------- -------------- ------------------------------- ------------- -------------- -------- --------------
  Glycine                         UPLC          0.0046         1.0000   0.000          [l]{.smallcaps}-lysine          gravimetric   14.6733        0.1153   2.3774
  [l]{.smallcaps}-alanine         UPLC          1.3635         0.0891   9.893          [l]{.smallcaps}-lysine          gravimetric   5.0789         0.2811   23.98
  [l]{.smallcaps}-alanine         UPLC          0.7857         0.2068   1.155          [l]{.smallcaps}-lysine          gravimetric   2.4035         0.5398   1.583
  [l]{.smallcaps}-alanine         UPLC          0.4204         0.3697   0.5582         [l]{.smallcaps}-lysine          gravimetric   0.6180         1.0000   1.319
  [l]{.smallcaps}-alanine         UPLC          0.1013         0.6100   0.3112         [l]{.smallcaps}-methionine      gravimetric   0.6768         0.0000   1.991
  [l]{.smallcaps}-alanine         UPLC          0.0282         1.0000   0.0357         [l]{.smallcaps}-methionine      gravimetric   0.3135         0.1153   0.0467
  [l]{.smallcaps}-arginine        gravimetric   1.8614         0.0000   3.237          [l]{.smallcaps}-methionine      gravimetric   0.2014         0.2811   0.2762
  [l]{.smallcaps}-arginine        gravimetric   1.3238         0.1153   4.896          [l]{.smallcaps}-methionine      gravimetric   0.0859         0.5398   0.4284
  [l]{.smallcaps}-arginine        gravimetric   0.6303         0.2811   3.554          [l]{.smallcaps}-methionine      gravimetric   0.0057         1.0000   0.0534
  [l]{.smallcaps}-arginine        gravimetric   0.1292         0.5398   1.116          [l]{.smallcaps}-phenylalanine   gravimetric   0.1994         0.1153   0.5595
  [l]{.smallcaps}-arginine        gravimetric   0.0143         1.0000   0.1584         [l]{.smallcaps}-phenylalanine   gravimetric   0.1994         0.2811   0.4120
  [l]{.smallcaps}-asparagine      UPLC          0.0002         1.0000   0.0008         [l]{.smallcaps}-phenylalanine   gravimetric   0.1478         0.5398   0.0982
  [l]{.smallcaps}-aspartic acid   UPLC          0.0002         1.0000   0.0006         [l]{.smallcaps}-phenylalanine   gravimetric   0.0118         1.0000   0.0196
  [l]{.smallcaps}-cysteine        gravimetric   1.2992         0.0000   0.3806         [l]{.smallcaps}-proline         gravimetric   21.6583        0.1153   13.4861
  [l]{.smallcaps}-cysteine        gravimetric   0.4652         0.1153   3.8438         [l]{.smallcaps}-proline         gravimetric   15.5698        0.2811   50.27
  [l]{.smallcaps}-cysteine        gravimetric   0.2546         0.2811   0.0204         [l]{.smallcaps}-proline         gravimetric   13.9836        0.5398   38.49
  [l]{.smallcaps}-cysteine        gravimetric   0.1318         0.5398   1.0616         [l]{.smallcaps}-proline         gravimetric   0.5176         1.0000   43.34
  [l]{.smallcaps}-cysteine        gravimetric   0.0113         1.0000   0.2332         [l]{.smallcaps}-tryptophan      gravimetric   0.1034         0.0000   1.846
  [l]{.smallcaps}-glutamic acid   UPLC          0.1000         0.0000   0.0334         [l]{.smallcaps}-tryptophan      gravimetric   0.1047         0.1153   0.1578
  [l]{.smallcaps}-glutamic acid   UPLC          0.0434         0.0891   0.1152         [l]{.smallcaps}-tryptophan      gravimetric   0.1691         0.2811   0.5306
  [l]{.smallcaps}-glutamic acid   UPLC          0.0273         0.2068   0.2070         [l]{.smallcaps}-tryptophan      gravimetric   0.1250         0.5398   0.2640
  [l]{.smallcaps}-glutamic acid   UPLC          0.0225         0.3697   0.1621         [l]{.smallcaps}-tryptophan      gravimetric   0.0243         1.0000   0.4692
  [l]{.smallcaps}-glutamic acid   UPLC          0.0183         0.6100   0.1588         [l]{.smallcaps}-tyrosine        gravimetric   0.0035         0.0000   0.0678
  [l]{.smallcaps}-glutamic acid   UPLC          0.0009         1.0000   0.0017         [l]{.smallcaps}-tyrosine        gravimetric   0.0031         0.1153   0.0176
  [l]{.smallcaps}-glutamine       UPLC          0.0001         1.0000   0.0002         [l]{.smallcaps}-tyrosine        gravimetric   0.0015         0.2811   0.0660
  [l]{.smallcaps}-histidine       UPLC          0.0004         1.0000   0.0014         [l]{.smallcaps}-tyrosine        gravimetric   0.0020         0.5398   0.0521
  [l]{.smallcaps}-leucine         UPLC          0.0095         1.0000   0.0003         [l]{.smallcaps}-tyrosine        gravimetric   0.0031         1.0000   0.4375

Standard uncertainties *u* are *u*(*T*) = 0.5 K, *u*(*P*) = 5 kPa, and *u*~*r*~(*x*) = 0.15.

Solubility data of [l]{.smallcaps}-phenylalanine comes from four literature sources. The initial solubility measurement in water was conducted by Dalton and Schmidt (1935), then in water and water--ethanol mixtures by Needham (1970), Nozaki et al. (1971), and Lu et al. (2012). In this article, an additional set of data was collected in water--ethanol mixtures. All data was collected by the gravimetric method except for Dalton and Schmidt, who used the dissolution method. The data of Needham, Dalton and Schmidt, Nozaki et al. (2012), and the experimental data collected for this article are similar, as can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. After an initial decrease in solubility, as ethanol mole fraction increases from 0 to 0.100 mole fraction, the solubility of [l]{.smallcaps}-phenylalanine is greater between an ethanol mole fraction of 0.100 and 0.400 than below 0.100. The solubility of [l]{.smallcaps}-phenylalanine decreases again at an ethanol mole fraction above 0.400. The exception to this is Lu et al. (2012), who did not measure an increase in solubility between 0.100 and 0.400.

![Mole fraction solubility of [l]{.smallcaps}-phenylalanine.](je-2017-004866_0001){#fig1}

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the concentration of glycine is plotted against the mole fraction of ethanol from 0.000 to 1.000. Several authors have measured the solubility of glycine in water. Cao et al. (2013), Ferreira (2008), Nozaki et al. (1971), and this work have measured the solubilty of glycine in various binary solutions of ethanol and water and in ethanol. Solubilities reported by Nozaki et al. (1971) are higher than those of Ferreira (2008), while the solubilities measured by Cao et al. (2013) are the highest reported. At a solvent mole fraction of 1.000 ethanol, the solubilities reported by Ferreira (2008), using the ninhydrin method were within the standard deviations measured by this work, using the UPLC method. These were 4.59 × 10^--5^ and 5.52 × 10^--5^ respectively. Cao et al. (2013), using the gravimetric method, reported a solubility mole fraction of 0.0007.

![Mole fraction solubility of glycine.](je-2017-004866_0002){#fig2}

The solubility measured by Nozaki et al. (1971) and our own measurements of [l]{.smallcaps}-tryptophan are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Except for that in water, at all mole fractions of ethanol, the solubility measured by Nozaki et al. (1971) was higher than the new data reported in this article. The solubility of [l]{.smallcaps}-tryptophan peaks between ethanol mole fractions of 0.281 and 0.540. The highest solubility of [l]{.smallcaps}-tryptophan was measured by Nozaki et al. at an ethanol mole fraction of 0.371.

![Mole fraction solubility of [l]{.smallcaps}-tryptophan.](je-2017-004866_0003){#fig3}

3.2. Impact of Amino Acid Conversions on Their Solubilities {#sec3.2}
-----------------------------------------------------------

It has been shown that [l]{.smallcaps}-glutamic acid can form [l]{.smallcaps}-pyroglutamic acid in solution.^[@ref53]^ Previous solubility studies did not take this into consideration. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the solubility of [l]{.smallcaps}-glutamic acid from Dunn and Ross, 1938, who used the gravimetric method of dissolution, is compared to the simultaneous measurement of [l]{.smallcaps}-glutamic acid and [l]{.smallcaps}-pyroglutamic acid in this work. Furthermore, the work of Mo et al. shows that the form of the crystal influences the solubility of the α-amino acid. The β-crystal forms follow the solubility data from Dunn and Ross, 1938, and this work closely. At pure water, the solubility reported by Dunn and Ross is approximately equal to the combined [l]{.smallcaps}-glutamic acid and [l]{.smallcaps}-pyroglutamic acid solubility collected experimentally in this work. At higher ethanol mole fraction, the difference between the data presented by Dunn and Ross and this work increases. The solubilities reported by Dunn and Ross fall below the standard deviation of those in this report at ethanol mole fractions above 0.370. Models on the solubility of amino acids in water and ethanol mixtures^[@ref53]^ show that the data generated in this work, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, fit better than the data by Dunn and Ross, 1938. Note should be taken that the measurements of [l]{.smallcaps}-pyroglutamic acid in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are not at maximum solubility.

![Mole fraction solubility of [l]{.smallcaps}-glutamic acid.](je-2017-004866_0004){#fig4}

While the [l]{.smallcaps}-cysteine trials were kept in a low oxygen environment, there is still the possibility that oxidation to [l]{.smallcaps}-cystine took place, which in turn could affect the solubility of [l]{.smallcaps}-cysteine. Therefore, the [l]{.smallcaps}-cysteine (molar mass = 121.16 g/mol) solubility trials were checked by mass spectrometer in that negligible amounts of [l]{.smallcaps}-cystine (molar mass = 240.3 g/mol) were formed. To accommodate for any build up on the detector of the mass spectrometer, the detector was cleaned before each measurement. In both measurements, only trace amounts of [l]{.smallcaps}-cystine were found, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jced.7b00486/suppl_file/je7b00486_si_001.pdf), leading to the conclusion that the trace amounts of [l]{.smallcaps}-cystine do not affect the solubility data presented of [l]{.smallcaps}-cysteine in this work. The measured solubility data is presented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and discussed in the subsequent section.

3.3. Incomplete Solubility Data of Amino Acids {#sec3.3}
----------------------------------------------

Previous work has published the solubility of [dl]{.smallcaps}-alanine but not [l]{.smallcaps}-alanine in various ethanol mole fractions. Furthermore, the reported solubilities of [l]{.smallcaps}-alanine in water vary widely. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the solubilities of the published [dl]{.smallcaps}-alanine, [l]{.smallcaps}-alanine, and the newly measured solubilities of [l]{.smallcaps}-alanine are compared. In water, more [dl]{.smallcaps}-alanine dissolved than [l]{.smallcaps}-alanine for all reported data. It is unclear from the literature what the individual fractions of [d]{.smallcaps}-alanine and [l]{.smallcaps}-alanine are in the [dl]{.smallcaps}-alanine mixture. Measured as a mixture, the [dl]{.smallcaps}-alanine measurements are only slightly more soluble than [l]{.smallcaps}-alanine alone at 0.00 and 0.100 ethanol mole fraction. This gives evidence that the chiral forms have a negative impact on the other's solubility. At 0.200 ethanol mole fraction and higher, [l]{.smallcaps}-alanine has a higher solubility than the [dl]{.smallcaps}-alanine mixture. The solubility data of [l]{.smallcaps}-alanine in water, water--ethanol mixtures, and ethanol measured for this work were measured using the UPLC.

![Mole fraction solubility of [l]{.smallcaps}-alanine.](je-2017-004866_0005){#fig5}

The results for [l]{.smallcaps}-proline and [l]{.smallcaps}-lysine are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Both α-amino acids have similar solubility ranges. Their solubilities are lower at higher ethanol mole fractions. The [l]{.smallcaps}-proline solubilities in water reported by Held et al. are similar to those reported by Tomiyama and Schmidt. The solubility of [l]{.smallcaps}-proline in water reported by El-Dossoki is much lower than the solubility of [l]{.smallcaps}-proline reported by Amend and Hegelson. Furthermore, the solubility of [l]{.smallcaps}-proline in water reported by El-Dossoki is lower than the solubility of [l]{.smallcaps}-proline measured for this work at 0.100 ethanol mole fraction.

![Mole fraction solubility of [l]{.smallcaps}-proline and [l]{.smallcaps}-lysine.](je-2017-004866_0006){#fig6}

The solubilities of [l]{.smallcaps}-cysteine and [l]{.smallcaps}-arginine are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Also, both [l]{.smallcaps}-cysteine and [l]{.smallcaps}-arginine have similar solubility ranges, but the solubility of [l]{.smallcaps}-arginine decreases faster than that of [l]{.smallcaps}-cysteine as the ethanol mole fraction increases. The solubility of [l]{.smallcaps}-cysteine in water that was reported by El-Dossoki and El-Damarany is higher than the solubility measured for this work. El-Dossoki and El-Damarany do not report that their measurements were taken in a sealed, oxygen-poor environment. This could account for elevated experimentally measured solubilty due to the formation of the dimer cystine.

![Mole fraction solubility of [l]{.smallcaps}-cysteine and [l]{.smallcaps}-arginine.](je-2017-004866_0007){#fig7}

The solubility of [l]{.smallcaps}-methionine is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and is the α-amino acid with the lowest solubility of the α-amino acids for which new data are being presented. The measurements of Zhang et al., Sawamura and Kunimasa, and this work are similar.

![Mole fraction solubility of [l]{.smallcaps}-methionine.](je-2017-004866_0008){#fig8}

4. Discussion {#sec4}
=============

The influence of ethanol on the solubility of amino acids is not the same for all amino acids. Most amino acids have a lower solubility when their solvent is at a higher ethanol mole fraction. All amino acids have a loss in solubility above a mole fraction of 0.5. The change in solubility is not the same for all amino acids in the range of 0--0.5 mole fraction ethanol. This difference between the amino acids is most pronounced at ethanol mole fractions around 0.2. The effect of ethanol on the solubility of amino acids can be characterized by the groups found in their side chains.

Five amino acids have a ring in the side chain. These amino acids are [l]{.smallcaps}-tryptophan, [l]{.smallcaps}-tyrosine, [l]{.smallcaps}-proline, [l]{.smallcaps}-phenylalanine, and [l]{.smallcaps}-histidine. These rings include either phenyl, pyrrolidine, or imidazole. The amino acids with rings in the side chains had the least decrease in solubility as ethanol is added. The average decrease in solubility of these amino acids at an ethanol fraction of 0.2 was only −3.8%. In the case of [l]{.smallcaps}-tryptophan, the solubility was even increased by 105.6%. We hypothesize that the rings of these amino acids are ethanolphilic, while the amino and carboxylic groups on these amino acids are ethanolphobic. Moderate ethanol fractions between 0.2 and 0.4 increase the solubility of these amino acids. The water and ethanol molecules arrange themselves at the respective groups of the molecule, creating a lattice around the amino acids. Higher ethanol mole fractions lower the solubility of these amino acids, because the ethanol molecules surround the amino acid molecule and disrupt the water molecules surrounding the amino and carboxylic groups on the amino acid molecule.

The aliphatic amino acids, [l]{.smallcaps}-phenylalanine, [l]{.smallcaps}-isoleucine, [l]{.smallcaps}-leucine, [l]{.smallcaps}-alanine, [l]{.smallcaps}-methionine, and [l]{.smallcaps}-valine, show initially a low to medium decrease in solubility at an ethanol mole fraction of approximately 0.2. The decreases range from −31.0% to −71.6%. The aliphatic amino acids showed an average decrease of −54.8% solubility. [l]{.smallcaps}-Phenylalanine is both aliphatic and phenylic and shows a lower decrease in solubility, −33.9%, than the average for the aliphatic group in this range. This decrease could be possibly mitigated by the phenyl ring.

The hydroxyl containing amino acids, [l]{.smallcaps}-tyrosine, [l]{.smallcaps}-serine, and [l]{.smallcaps}-threonine, show a medium decrease in solubility. Together, [l]{.smallcaps}-serine and [l]{.smallcaps}-threonine have an average decrease of −68.5% at ethanol mole fraction levels around 0.2. [l]{.smallcaps}-Tyrosine, which is both hydroxylic and phenylic, has only a low decrease in solubility −1.3%. Here, as in the case of [l]{.smallcaps}-phenylalanine, the decrease in solubility is mitigated by the phenyl ring.

The amide containing amino acids, [l]{.smallcaps}-glutamine and [l]{.smallcaps}-asparagine, show a high decrease in solubility of −75.1 and −77.4%, respectively, at ethanol mole fraction around 0.2. The average for amide containing amino acids increases slightly to −72.9% when [l]{.smallcaps}-arginine is added to this group. [l]{.smallcaps}-Arginine contains an amide group and is positively charged; it is added to this group.

A high decrease in solubility is seen in the charged amino acids [l]{.smallcaps}-glutamic acid, [l]{.smallcaps}-aspartic acid, and [l]{.smallcaps}-lysine. The average decrease at an ethanol mole fraction of 0.2 was −78.1%. The lower decrease in solubility of the charged amino acids [l]{.smallcaps}-histidine (−66.1%) and [l]{.smallcaps}-arginine (−66.1%) seemed to be mitigated by either their ring-containing side chain, imidazole, or amide, respectively.

[l]{.smallcaps}-Cysteine is the only amino acid that contains sulfur. It has the highest decrease in solubility at ethanol mole fraction of 0.2. The decrease was −80.4%. [l]{.smallcaps}-Methionine also contains a sulfur molecule but is normally considered aliphatic. The [l]{.smallcaps}-methionine solubility decrease is −70.2%.

Glycine, containing no side chain, had the largest decrease in solubility. Glycine solubility decrease by −83.9% at an ethanol mole fraction around 0.2.

5. Conclusion {#sec5}
=============

For most α-amino acids, the gravimetric, ninhydrin, and UPLC methods produced similar solubility data. Exceptions to this are α-amino acids that convert to other forms ([l]{.smallcaps}-glutamic acid and [l]{.smallcaps}-cysteine) and α-amino acids at very low solute concentrations (e.g., in pure ethanol).

The two α-amino acids that are the exceptions in the previous paragraph are [l]{.smallcaps}-glutamic acid, which has been shown to convert to [l]{.smallcaps}-pyroglutamic acid, and [l]{.smallcaps}-cysteine, which can convert to the dimer cystine. Therefore, all amino acids that have a possibility to convert to other amino acids in solution should be analyzed by a technique that takes this into account. The UPLC technique used in this work shows reliable results.

At low concentrations (e.g., α-amino acids in pure ethanol) using gravimetric analytical techniques to measure amino acid solubility is not always reliable. However, the UPLC method used in this work was reliable at low concentrations. The data produced by the UPLC were also within the variation of the data published by Ferreira, 2008. Ferreira used the ninhydrin method of analysis. While the ninhydrin method produced data consistent to data in this work for several α-amino acids, it is not able to detect and differentiate multiple amino acids in solution, as does the UPLC method.

Most data points of several amino acids by Nozaki et al. (1971) and the data for Cao et al. for glycine were higher when compared to those in this work and those in the work of Ferreira (2008), Dalton and Schmidt (1933), and Needham (1970). A possible explanation for these results includes, but is not limited to, the samples being measured when the solutions were oversaturated or when dissolved from a crystal of another shape (e.g., α-crystal versus β-crystal) as shown by Mo et al.

This work gives a new more complete look at the solubility of all 20 proteinogenic α-amino acids. The new data published in this work doubles the peer-reviewed data on α-amino acid solubility in water, water/ethanol, and ethanol systems. This data is the first published data in ethanol and ethanol/water systems for [l]{.smallcaps}-alanine, [l]{.smallcaps}-proline, [l]{.smallcaps}-arginine, [l]{.smallcaps}-cysteine and [l]{.smallcaps}-lysine solubility. Furthermore, this work gives the first data for the solubility of [l]{.smallcaps}-asparagine, [l]{.smallcaps}-glutamine, [l]{.smallcaps}-histidine and [l]{.smallcaps}-leucine in pure ethanol.

Lastly, the side chain of an amino acid has an effect on the solubility of that amino acid when ethanol is added. This is shown at ethanol mole fractions around 0.2. Side chains containing rings show the least decrease in solubility when water is replaced by a water--ethanol mixture due to the ethanolphilic properties of these rings. This is followed in descending order by the aliphatic amino acids, hydroxyl containing amino acids, amide containing amino acids, charged amino acids, sulfur containing amino acids, and the amino acid with no side chain. Amino acids with side chains of two characteristics, such as [l]{.smallcaps}-tyrosine, which is both phenylic and containing a hydroxyl group, show a decrease in solubility in between both of their groups.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jced.7b00486](http://pubs.acs.org/doi/abs/10.1021/acs.jced.7b00486).Mass spectrophotometer results from the [l]{.smallcaps}-cysteine trial ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jced.7b00486/suppl_file/je7b00486_si_001.pdf))
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